A method is presented for calculating ion-induced nucleation rates. Whereas classical ion-induced nucleation theory makes the approximation that small ionic clusters are charged droplets whose properties equal their values for the bulk liquid, the method presented gives a nucleation rate in the form of a summation over discrete cluster properties. The summation converges rapidly around the critical cluster size, which is often as small as a few atoms. This approach allows the direct utilization of experimental and/or computational data for cluster properties. Sample calculations are presented for nucleation of silicon particles via condensation of neutral silicon vapor onto silicon anions for conditions representative of microelectronics processing plasmas. As the temperature increases the predicted nucleation rates show a transition from the collision-limited regime to the condensation-evaporation regime, where nucleation rates drop sharply with temperature. The value of the temperature where this occurs depends on the condensible vapor concentration.
I. INTRODUCTION
There is considerable evidence that negative ions play a crucial role in promoting particle nucleation in microelectronics processing plasmas. In parallel-plate rf discharges negative ions can be trapped in potential wells at the edge of the plasma sheath, allowing time for ionic clusters to grow by accretion of neutral monomers. Models for particle formation in rf plasmas have assumed that nucleation occurs via a sequence of irreversible clustering reactions.
1,2 Particle nucleation in this view is collision limited, except that clusters can be lost from the system by neutralization reactions and subsequent diffusion to the reactor walls. On the other hand, experimental measurements by Boufendi et al. 3 indicated that the onset for particle nucleation in their rf argonsilane plasma was systematically delayed as the gas temperature was increased. This observation suggests that nucleation in these systems, rather than being collision limited, is governed by reversible reactions. In this ''condensationevaporation regime'' the nucleation dynamics are governed by the passage through a bottleneck at a critical cluster size.
This regime is the subject of nucleation theory. A classical theory of ion-induced nucleation exists, in which clusters are treated as charged liquid droplets whose free energy is approximated using macroscopic values of surface tension, dielectric constant, and mass density. To our knowledge this theory has not been applied to the problem of particle formation in microelectronics processing plasmas. This may be because the theory is naive, in its reliance on macroscopic properties to treat small clusters, and therefore is thought to be of little use in obtaining realistic estimates of particle formation rates. However, the theory does lay the groundwork for deriving an expression for nucleation rates which utilizes atomistic information on cluster properties and rate constants.
In this article, we present an approach to modeling ioninduced nucleation which retains certain features of the classical theory, but which incorporates experimental and/or computed data for properties of small clusters and rate constants for ion-neutral reactions. The result is an expression for the nucleation rate in the form of a summation, which for many conditions of interest converges quite rapidly. A similar approach for the case of homogeneous nucleation was previously discussed by Hoare et al., 4 who calculated free energies of argon particles using statistical thermodynamics, and used these in a summation expression to calculate homogeneous nucleation rates in a supersonic expansion.
Sample calculations are presented in which we use this expression together with property data for neutral silicon clusters and silicon anion clusters to calculate ion-induced homogeneous nucleation rates under conditions representative of processing plasmas. These results are compared to corresponding predictions of the classical theory of ioninduced nucleation and of the corresponding summation expression for homogeneous nucleation.
II. ION-INDUCED NUCLEATION THEORY
The late 19th century cloud chamber experiments of Wilson 5 demonstrated that the presence of ions causes a lowering of the saturation ratio required for particles to nucleate from a vapor in a system free of pre-existing particles. This phenomenon had been predicted several years earlier by Thomson, 6 who reasoned that the presence of electric charge on a liquid droplet would reduce its tendency to evaporate. Thomson's theory was further developed by Tohmfor and Volmer, 7 who obtained an analytical expression for the ioninduced nucleation rate by following the same derivation as in classical homogeneous nucleation theory, but with a modified expression for the free energy ⌬G of cluster formation. In this theory the ionic cluster is viewed as a spherical liquid droplet with surface tension and dielectric constant ⑀, with a centrally located, spherical ionic core. The free-energy change associated with condensation of g monomers from the vapor at saturation ratio S to an ionic core of radius r i to produce a droplet of radius r is given by [8] [9] [10] [11] [12] ⌬GϭϪgkT ln Sϩ4͑r
where k is Boltzmann's constant, T is temperature, and q is the charge of the ionic core. The classical theory also treats the rate constant for condensation of monomers to the growing ionic cluster as being the same as in homogeneous nucleation theory, i.e., the altered nature of ion-neutral collisions is neglected. The resulting expression for the nucleation rate J ͑particles cm Ϫ3 s
Ϫ1
͒ can be written
͑2͒
where
In these equations n I and n A are the number densities of the ion and neutral vapor, m A and A are the mass and volume of the monomer, and the subscript ''c'' indicates properties of the critical cluster. The radii of the ionic core and the critical cluster are given, respectively, by the first and second roots of ‫⌬ץ‬G/‫ץ‬r. The expression for the nucleation rate is dominated by the properties of the critical cluster, which for supersaturated vapors may consist of only a few atoms or tens of atoms. The major deficiency of the classical theory lies in its treatment of a small cluster as a droplet ͑the capillarity approximation͒ whose properties are given by values for the bulk liquid. To address this issue we have developed a version of the theory which does not rely on the capillarity approximation, but instead directly utilizes experimental or theoretical data for cluster properties.
We are concerned here with the situation in which a neutral condensable vapor is present together with a population of ions which may promote particle nucleation. The growth of an ionic cluster through association reactions with a condensible vapor can be represented by a sequence of reactions of the form
where I•A g represents an ionic cluster containing an ion I ͑not necessarily of the same chemical species as the condensible vapor͒ together with g monomers of the condensible species A. We refer to I•A g as an ''ionic g-mer.'' For simplicity we have written this reaction as second order, although the mediation of a third body is expected for the smallest cluster sizes. 13 The net rate of g-mer formation by reaction ͑4͒ can be written
where k gϪ1 is the forward rate constant for reaction ͑4͒, E g is the backward rate constant ͑also known as the evaporation coefficient͒, and n is number density. Applying standard thermodynamics, and assuming ideal gas behavior
where p 0 is unit pressure and K gϪ1,g is the pressure equilibrium constant for reaction ͑4͒, given by
being the free-energy change for reaction ͑4͒ at unit pressure. One thus obtains, for every size g, a relation of the form
͑8͒
Note that n 0 represents the density of bare ions n I .
Assuming that during a nucleation burst a steady state is established ͑however briefly͒, J becomes independent of g. During this event a ''nucleation current'' passes through a steady-state size distribution, converting vapor to stable particles. Following the mathematical method of Tohmfor and Volmer, 7 we then obtain the following expression for J:
͑9͒
where ⌬ f *G g 0 represents the free energy of formation of an ionic g-mer from its vapor phase constituents, i.e., the freeenergy change at unit pressure for the reaction
The purpose of the asterisk in ⌬ f *G g 0 is to distinguish it from standard compilations ͑e.g., JANAF tables 14 ͒ in which a compound is assumed to be formed from its stable reference elements, not necessarily in the vapor phase. The upper limit G of the summation in Eq. ͑9͒ is an arbitrarily large size. As shown below, however, the summation tends to converge rapidly if the saturation ratio SϾ1 is not too close to unity, with the number of terms required corresponding to the critical cluster size. We refer to the nucleation rate given by Eq. ͑9͒ as the ''atomistic nucleation rate,'' to distinguish it from the classical expression.
Tohmfor and Volmer obtained a summation expression, but only in a more complicated and intermediate form, and did not dwell on it but rather converted it directly to an integral, in which they used the Thomson charged droplet approximation to render the free-energy term continuous. However, we note several advantages to using the summation expression for the nucleation rate.
͑1͒ Equation ͑9͒ allows for direct utilization of atomistic properties, i.e., the formation free energies of clusters of discrete sizes.
͑2͒ Size-dependent rate constants k g for ion-neutral reactions are readily utilized.
͑3͒
Computationally it is not much more difficult ͑in fact it is often easier͒ to compute the summation in Eq. ͑9͒ than the closed-form classical expression because the summation converges rapidly around the critical cluster size, whereas the classical expression consists of a set of rather complicated algebraic equations, and requires one to find the first two roots of a fourth-order polynomial.
͑4͒ For high supersaturations the classical expression fails because ‫⌬ץ‬G/‫ץ‬r then has only complex roots. This regime is bounded by the value of saturation ratio for which the critical cluster shrinks to the same size as the ionic cure. In contrast, the atomistic expression easily handles this situation: for high supersaturations the summation is given to good accuracy by its first term
Thus, the summation correctly converges to the collisionlimited rate for sufficiently high vapor concentrations. ͑5͒ The classical expression is insensitive to the sign of the ion, contrary to experimental evidence. 15 In contrast, the atomistic expression implicitly accounts for the sign as well as the chemical species of the ion because these affect the free energies of cluster formation.
The analogous expression to Eq. ͑9͒ for the case of homogeneous nucleation can be written:
. ͑12͒
III. CLUSTER PROPERTY DATA
The atomistic approach to nucleation has the advantage of bypassing the limitations of the capillarity approximation and enables a rigorous calculation of nucleation rates, provided cluster thermodynamic property data for the nucleating system are available. With the advent of high speed computers and cluster beam mass spectrometry, such data are increasingly within reach for many substances of interest, including silicon. Using ab initio quantum mechanical calculations 16 -18 it is now possible to accurately determine properties such as the ground state structure, binding energy, vibration frequencies, and electron affinity for clusters containing as many as ϳ10 atoms. Molecular dynamics methods [19] [20] [21] enable calculation of cluster properties for even larger clusters, at least for materials with well-defined interatomic potentials ͑e.g., ionic salts, noble gases, and some covalent materials͒. On the experimental front, techniques such as high-pressure mass spectrometry have been valuable in quantitatively determining the free energies of clustering reactions for many van der Waals bonded substances ͑see Keesee and Castleman, 22 and references therein͒. Other techniques such as cluster beam photoionization 23 and photodetachment 24 provide a means of determining cluster ionization potentials and electron affinities, respectively. In light of the considerable amount of cluster work currently underway, it is anticipated that perhaps a decade from now a JANAF-type data base of standard-state free energies of cluster formation will be available for many species, both neutral and ionic.
In this article, we apply our atomistic model of ioninduced nucleation to silicon particle formation in silane plasmas typically used for amorphous silicon deposition. Particle formation in such plasmas is believed to occur by a sequence of clustering reactions involving silicon and hydrogenated silicon anions which are trapped in the plasma.
2,25
For simplicity, we focus only on a silicon anion pathway for particle formation,
Perrin et al. 2 provide standard state enthalpies of formation at 298 K for neutral silicon clusters up to size 10. However, what is needed for the nucleation rate expression ͑9͒ is the corresponding ⌬ f *G g 0 for anionic clusters evaluated at the actual system temperature T. For ions of the same chemical species as the condensing material, noting from Eq. ͑4͒ that an ionic g-mer here contains gϩ1 silicon atoms, the free energies of formation of ionic and neutral clusters can be related as follows:
where F g represents the electron affinity of a g-mer. Thus, given electron affinities at various cluster sizes, the problem of determining ⌬ f *G g 0 (T) for anion clusters essentially reduces to the problem of determining ⌬ f *G g 0 (T) for neutral clusters. This is strictly true for neutral clusters and ion clusters in their respective ground states, as electron affinities are usually specified only for these states. Corrections must be made at temperatures greater than 0 K, but for the range of temperatures considered in this article, the error expected is reasonably small, on the order of 0.1 eV. For the case of neutral silicon dimers Si 2 and trimers Si 3 , this information is already available in the JANAF tables.
14 For larger neutral clusters up to size 20, we have used standard statistical mechanical calculations to estimate ⌬ f *G g 0 (T) using available knowledge of cluster structure, binding energy, moments of inertia, and vibration frequencies. For the larger anion clusters (gϾ10) we used binding energy data from Chelikowsky et al., 21 and have estimated electron affinities for gϾ12 by interpolating down from the bulk value ͑4.01 eV 26 ͒ assuming an inverse g 1/3 dependence. 24 Treating clusters as polyatomic, nonlinear molecules, the free energy of formation may be written
where ⌬ f *H g 0 and ⌬S g are estimated using simplified statistical mechanical expressions:
kT PS ͬ .
͑17͒
In these expressions h is Planck's constant, is a representative ͑average͒ vibration frequency of the cluster, B g is the binding energy of a cluster, P is equilibrium vapor pressure, is a symmetry number, D is the rotational constant of the cluster ϭ 3 ͱ⍜ A ⍜ B ⍜ C , and ⍜ i ϭ(h 2 /8 2 I i k) is the rotational temperature for each of the three principal axes i of the cluster, with I i representing the cluster moment of inertia.
The statistical mechanical calculation of the cluster formation energies was verified for dimers and trimers by comparison with JANAF data, and for clusters up to size 10 with the enthalpy data of Perrin et al. 2 For cluster sizes containing up to 10 atoms, Table I lists the ''best'' available values for ground state binding energies and electron affinities taken from the literature, and also the estimated ⌬ f *G g 0 (T) values for neutral clusters within the temperature range 300-1500 K. These estimates are expected to be less accurate at the higher temperatures ͑TϾ1000 K͒ where the ground state structure may no longer be stable. 28 However, it should be noted that at moderate temperatures, the major contribution to the free energy of formation ⌬ f *G g 0 (T) is the binding energy, which for the larger clusters is relatively insensitive to structure.
IV. RESULTS AND DISCUSSION
The atomistic ion-induced nucleation expression ͓Eq. ͑9͔͒ was used together with the cluster property data for silicon anions up to size 20 to calculate ion-induced nucleation rates for a range of neutral silicon vapor concentrations, anion concentrations, and temperatures. Figure 1 shows results for nucleation rate versus temperature for concentrations representative of silane discharges ͑n Si ϭ10 10 cm
Ϫ3
, n Si ϭ10
͒. Figure 1 also shows the prediction of the classical ion-induced nucleation expression ͓Eq. ͑2͔͒, as well as the predicted rate of homogeneous nucleation for these conditions, using the atomistic expression ͓Eq. ͑12͔͒. For the case of homogeneous nucleation, the forward rate constants k g were taken to be the neutral-neutral collision rates from gas kinetic theory, 29 while for the ion-induced calculations, Langevin rates for ion-neutral collisions were used.
2,30 For the conditions of Fig. 1 the classical ion-induced nucleation theory fails to provide results for temperatures below about 1200 K, because as discussed previously the roots of ‫⌬ץ‬G/ ‫ץ‬r become complex at high vapor supersaturations. We find that this occurs for saturation ratios greater than about 300.
From Fig. 1 it is seen that at lower temperatures ͑TϽ1000 K͒, the nonclassical rates of ion induced and homogeneous nucleation are both within an order of magnitude of experimentally observed rates for silane discharges ͑JϷ10 9 cm Ϫ3 at room temperature.
3
͒ However, in contrast to experiment no dependence of J on temperature is predicted until much higher temperatures (TϾ1000 K͒. At the lower temperatures, the present model predicts nucleation to be collision limited, FIG. 1. Silicon particle nucleation rates predicted by the atomistic ioninduced nucleation theory ͓Eq. ͑9͔͒, the atomistic homogeneous nucleation theory ͓Eq. ͑12͔͒, and the classical ion-induced nucleation theory ͓Eq. ͑2͔͒.
because only the first term in the summation contributes, yielding Eq. ͑11͒. At higher temperatures the nucleation rate rapidly decreases as the effects of cluster evaporation become significant. In qualitative accord with classical theory, which predicts a stabilizing effect due to cluster charge, 6 the decrease in J with the onset of evaporation is seen to occur at lower temperatures for the case of homogeneous nucleation than for the case of ion-induced nucleation.
The effect of monomer number concentrations on the predicted ion-induced nucleation rate using the atomistic expression is shown in Fig. 2 . In the collision-limited regime J scales on n Si , as expected from Eq. ͑11͒. Furthermore, according to Eq. ͑9͒ the predicted ion-induced nucleation rate for all conditions scales directly on ion density, and thus Fig.  2 is plotted in terms of the nucleation rate per ion. Within the collision-limited regime one can thus infer from these results the predicted time required for an ion to nucleate one particle: this ranges from about 1 ms at n Si ϭ10 12 cm Ϫ3 to about 10 3 s at n Si ϭ10 6 cm
Ϫ3
. As the neutral silicon concentration is decreased the onset of the condensation-evaporation regime occurs at progressively lower temperatures, as seen in Fig. 2 . This is a saturation ratio effect: our calculations for ion-induced nucleation of silicon vapor indicate that one enters the condensation-evaporation regime for values of S below about 1000. As the temperature increases S drops, and we find that more and more terms are required to obtain convergence in the nucleation expression. This is shown in Fig. 3 , which plots the predicted nucleation rate as more and more terms are counted, thus varying the upper limit G of the summation in Eq. ͑9͒. In all cases shown the temperature is held constant at 1400 K. At n Si ϭ10 12 cm Ϫ3 ͑corresponding to Sϭ290͒ the summation is dominated by its first term; the second term is seen to contribute slightly. At n Si ϭ10 11 cm
͑Sϭ29͒ the second term is required, and the third term contributes slightly as well. Even at n Si ϭ10 10 cm Ϫ3 ͑Sϭ2.9͒ only three terms are required. As S approaches unity, however, the summation becomes less well behaved. At n Si ϭ5ϫ10 9 cm Ϫ3 ͑Sϭ1.4͒ we observe a jump at cluster size 18, corresponding to a local maximum in ⌬ f *G at this concentration. This behavior is related to ''magic number'' effects in equilibrium cluster distributions. It is therefore evident that for cases of relatively low supersaturation one may not have property data available to large enough cluster sizes for the summation to converge. We suggest that a reasonable procedure for handling this situation is to use an interpolation formula for ⌬ f *G g 0 from its value at the largest cluster size for which data are available to its macroscopic value as given by the Thomson charged droplet model.
One of the features of the present approach not usually found in classical ion-induced nucleation models is the use of Langevin ion-molecule collision rates for k g ; classical theory assumes neutral-neutral collision rates. Figure 4 shows atomistic ion-induced nucleation rates calculated using either ion-neutral Langevin rates or neutral-neutral collision rates. The Langevin collision rates are seen to enhance the predicted nucleation rates by about an order of magnitude. The temperature dependence for neutral-neutral rates in the collision-limited regime arises from the fact that neutral-neutral collision rates vary as T vin rates are not ͑or only weakly͒ temperature dependent for given species concentrations. However, it is likely that the mediation of a third body has a much greater effect on clustering rates for the smaller clusters, up to several orders of magnitude. 31 There are some fairly simple, if approximate, approaches for incorporating these effects into a pressuredependent k g , 32 and these could be utilized directly in the summation expression.
V. CONCLUSIONS
We have presented a simple atomistic approach to calculating ion-induced nucleation rates which utilizes cluster property data rather than making the capillarity approximation of classical nucleation theory. At first glance, our quantitative results for silicon particle nucleation tend to suggest that the theory presented here has little relevance to lowpressure plasma processing, as this typically involves gas temperatures less than 500 K, for which the results predict that nucleation is collision limited. It should be noted, however, that the present model describes only one specific pathway ͑condensation of supersaturated silicon vapor onto silicon anions͒ among many, and does not account for the many processes that actually occur in these plasmas, such as clustering reactions involving hydrogenated silicon species, the neutralization of charged clusters and the charging of neutral clusters by electron/ion attachment, neutral and cation losses to the reactor walls, and the complex interplay between charged and neutral species clustering pathways. On the other hand, whenever supersaturated vapors exist in a system, the direct nucleation scenario discussed here ͑via either homogeneous or ion-induced nucleation͒ may be a more robust mechanism than chemical pathways involving sequences of reactions and relatively slower reaction rates. Moreover ion-induced nucleation can be driven by condensible vapors present as contaminants in processing plasmas, such as H 2 O, atoms or molecules sputtered from reactor walls, or contaminants present at ppb levels in process gases, 33 and the method presented here could facilitate an estimate of nucleation rates if the contaminant concentrations can be measured or estimated. While at present, these calculations provide only a qualitative explanation of why reduced particle nucleation rates may be expected at higher temperatures, better quantitative agreement with experimental observations 3 could perhaps be obtained by a more complete accounting of the complex processes referred to earlier. This could in principle be accomplished by integrating the present approach with a discrete-sectional aerosol dynamics model, 34, 35 suitably modified to account for processes such as cluster charging and recombination.
